Three-dimensional (3D) printing is one of potential technologies for production of designable complex filled structures and mechanical strengthening along the reinforcing fibers for composites. The objective of this paper is to study the tensile mechanical behavior of diverse concentric fiber rings and fiber layers using glass fiber (GF), Kevlar fiber (KF), and carbon fiber (CF) printed into polymer composites and then to compare them. Additionally, it also aims to identify the influence of complex filled structures of Nylon on different fiber printed polymer composites. Tensile tests and scanning electron microscope (SEM) were utilized to characterize the 3D printed composites. Results revealed that CF-printed composite exhibits the greatest tensile strength of 110 MPa and modulus of 3941 MPa as compared to glass and Kevlar fiber composites. Increase of concentric fiber rings and fiber layers is attributed to increase in tensile strength and modulus. Also, the rectangular filled structure of Nylon declared the highest tensile strength and modulus than hexagonal and triangular filled structure owing to its rectangular filling that bears maximum load in longitudinal direction.
Introduction
Three-dimensional (3D) printing which is also recognized as additive manufacturing (AM) is one of the low cost and most advanced technique that prints three-dimensional object layer by layer under computer aided design (CAD) software [1, 2] . 3D printing has capability of creating 3D prototypes or models of approximately any size and complex shape [3] . Certain advantages are almost less wastage of material, low material cost, and fabrication of complex parts in a shortest period of time [4] . Modern advancements in 3D printing technology of fiberreinforced thermoplastic composites are fused deposition modeling (FDM) in which plastic filament is used to print an object, laminated object manufacturing (LOM) uses thin sheets of preimpregnated fiber preforms in a layer by layer manner for 3D printing, stereolithography (SLA) uses photopolymer liquids to make 3D object, extrusion involves direct deposition of layers of a material solution of volatile solvent to print freeform 3D structures, and selective laser sintering (SLS) involves polymer powder for fabrication of 3D parts [5] .
Among all, fused deposition modeling (FDM) is widely used method of additive manufacturing (AM). In FDM, the material deposition occurs in the shape of a polymer filament that is melted partially to a temperature just above its melting point and then extruded from an automatically controlled deposition nozzle that traverses in X and Y directions to create twodimensional layer on a platform in a temperature controlled environment [6] . Upon completion of first layer then moves to Z direction at a certain distance, a next layer of material is then adhered on the first layer and deposited there. These layers continue to form 3D object. The fundamentals of the FDM method include print head, material feed mechanism, liquefier, gantry, and build surface [7] . Some of the most commonly used feed stock materials in FDM are acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), polycarbonate (PC), and polyamide (Nylon) [8] [9] [10] . Limitations are lower mechanical properties of the final printed 3D composites [10, 11] .
Several authors have reported the consequences of short fiber reinforcement in 3D printed composites on the mechanical properties [12, 13] . Zhong et al. [14] modified ABS by using short glass fiber with several different property modifiers such as plasticizer and compatibilizer to improve mechanical properties. Ning et al. [15] has reported the use of fused deposition modeling (FDM) technique for carbon fiberreinforced thermoplastic polymer CFRP composites that addition of different content and length of carbon short fiber can improve the mechanical properties of FDM fabricated parts.
Fiber reinforcement improves the mechanical properties of polymeric composite; also, continuous fibers offer higher mechanical properties than the short fibers [16] . Many of the attempts were made for the use of continuous fiber by using fused deposition modeling (FDM). Matsuzaki et al. [17] has developed a technique based on 3D printing of continuous fiber-reinforced thermoplastics composites using FDM. Li et al. [18] designed a path control methods and a novel nozzle to fulfill the needs of continuous carbon fiber 3D printing. Tian et al. [19] proposed a novel 3D printing method for production of continuous fiberreinforced thermoplastic composites (CFRTPCs). Klift et al. [20] in their study evaluated the fabrication competencies of the Mark One® 3D printer by Markforged. Tensile test specimens of carbon fiber-reinforced thermoplastic (CFRTP) were printed by the use of fused deposition modeling to take a general idea of the mechanical properties of 3D printed CFRTP composite material. A study by Melenka et al. [21] reported the evaluation of elastic properties of the continuous fiber-reinforced 3D printed composite, and by means of an average stiffness (VAS) method, elastic properties were predicted.
In this study, Mark Two 3D printer from Markforged Company is used for printing of different kinds of fibers into composites. Three different kinds of reinforced fiber (glass, Kevlar, and carbon) specimens were prepared and tensile tested to obtain the tensile properties of 3D printed polymer composite specimens. The first objective of this paper is to study the tensile mechanical behavior of various concentric fiber rings and fiber layers of continuous glass fiber (GF), Kevlar fiber (KF), and carbon fiber (CF) printed into polymer composites, and then these three kinds of fiber printed polymer composite specimens will be compared. The second objective of this study is to know the effect of designable complex filled structure of Nylon on the tensile strength and modulus of different fiber printed polymer composite specimens and will be compared. These improved mechanical properties will allow designer to use continuous fiber-reinforced 3D printed polymer composites for functional objects such as complex shapes and high-performance parts, particularly for the complex aircraft components.
Experimental

Materials and sample preparation
In this study, all the samples with continuous fiber and Nylon matrix were printed by using Mark Two desktop 3D printer (Mark Two, Mark Forged Company, USA). The Nylon filament is 1.75 mm in diameter and reinforces fiber filament, glass fiber (GF), and Kevlar fiber (KF) bundles with 0.3 mm and carbon fiber (CF) bundles with 0.35 mm in diameter. Samples of specific dimensions 100 mm × 10 mm × 4 mm were printed. The design of the tested specimen was made by computer aided design (CAD) software (SolidWorks 2015 x64 Edition). The design of specimen was transferred as a stereolithography (STL) file and uploaded into 3D printer software (Eiger 1.2, Mark Forged Company, USA). The Eiger software manages the placement of the fiber reinforcement in the matrix. All samples were printed with Nylon as matrix and glass fiber, Kevlar fiber, and carbon fiber as reinforcement. This 3D printer reinforces 3D printed polymer composite parts using continuous glass, Kevlar, and carbon fibers. For this study, all three kinds of fibers were availed to prepare the 3D printed polymer composite specimens. Samples were printed with 4, 6, and 8 concentric fiber rings and fiber layers along with the various filled structure of Nylon.
Printing process and parameter designing
The Mark Two is a desktop 3D Printer which consists of two print head with two nozzles: one is plastic nozzle used for a matrix material which is always Nylon in this case and the other is fiber nozzle which is used for the placement of fiber in the matrix. It has a platform or printing bed on which specimens are printed. Figure 1 shows the assembly of the continuous fiber 3D printer. Plastic shim and fiber shim were used for alignment of plastic and fiber nozzles with printing bed.
There were total five sets of each kind of continuous fiberreinforced 3D polymer composite specimens printed; each set consists of three same specimens. First set consists of four concentric fiber rings and four fiber layers with a rectangular filled structure of Nylon. Second set consists of six concentric fiber rings and six fiber layers with a rectangular filled structure. Third set consists of six concentric fiber rings and six fiber layers with a hexagonal filled structure. Fourth set consists of six concentric fiber rings and six fiber layers with a triangular filled structure. Fifth set consists of eight concentric fiber rings and eight fiber layers with rectangular filled structure. The printing parameters used to fabricate each set of test specimen are summarized in Table 1 .
The printing process of glass fiber and Kevlar fiberreinforced 3D printed composite specimens comprised of 40 layers with 0.1 mm layer thickness and the carbon fiberreinforced 3D printed composite specimens comprised of 32 layers with 0.125 mm layer thickness due to higher fiber thickness of the carbon fiber which is 0.35 mm. In every specimen, there are four layers of Nylon on the floor and four layers on the roof. The floor layers were selected as matrix layers in order to avoid the chances of fiber disintegration while separating it from the printer bed and the top layer as matrix for dimensional accuracy and symmetry. Figure 2a -c shows 3D sketch of the 3D printed polymer composite specimen with specific dimension and design along with concentric fiber rings, fiber layers, and various complex filled structure of Nylon.
Testing conditions
Tensile tests were performed on continuous fiber printed polymer composite specimens. Specimens were gripped at 25 mm from both ends. An electronic universal testing machine (made by Changchun Laboratory, China) with a 10-KN load cell was utilized to apply loads to the tensile test printed polymer composite specimens. This test setup is used to know the influence of various fiber printed polymer composite specimens along with various filled structure of Nylon on the tensile strength and modulus. Specimens were loaded at a rate of 5 mm/min, and data from the load cell was attained at a frequency of 10 Hz. To make sure the repetition of the test results for better accuracy, three samples of same specimen were tested. The fractured specimens were examined using scanning electron microscope (SEM, 4700, Hitachi, Tokyo, Japan). Tensile tests were performed until failure occurred and the tensile strength of sample can be calculated by the following:
where F is the stretching load (N), b is the width (mm), and d is the thickness (mm) of the specimen.
Results and discussion
The Mark Two 3D printer was utilized for printing Nylon with continuous glass fiber (GF), Kevlar fiber (KF), and carbon fiber (CF) to form fiber printed polymer composite test specimens for tensile testing. The performances of three kinds of fiber polymer composite specimens are discussed in this section.
Specimens were printed with four, six, and eight concentric fiber rings and fiber layers with various Nylon filled structure respectively. A series of experiments were performed until failure occurred. The number of concentric fiber rings and fiber layers in this study was chosen to know the effect of tensile strength and elastic modulus of continuous glass fiber, Kevlar fiber, and carbon fiber printed polymer composite specimens, and further, the influence of various designable complex filled structure of Nylon on the fiber printed polymer composite specimens.
Examination of fractured specimens
The fractured surfaces of the different fiber-reinforced composites were examined by using scanning electron microscope (SEM) to identify the fiber pull out behavior from the matrix; the SEM micrograph of the three kinds of fiber-reinforced 3D Fig. 1 Assembly of the continuous fiber 3D printer demonstrates basic components printed composite specimens is shown in Fig. 3 , which shows the fiber and matrix interface bonding; it is evident from the figures that an increase in concentric fiber rings and fiber layers positively affects the tensile properties of the 3D printed polymer composite specimens. In Fig. 3a , the pull out behavior of glass fiber is shown; the fiber pull out from the matrix material has a little deposition of matrix material on the surface of the fiber. The observed little deposition of matrix material shows a slight good interface bonding between fiber and matrix, which indicates a little slippage of fiber from matrix material. In Fig. 3b , a fiber pull out behavior of Kevlar fiber from the 3D printed polymer composite specimen is shown; the fiber pull out from the matrix material has a smooth surface with very negligible deposition of the matrix material on the surface of the fiber. This smooth surface indicates a poor fiber and matrix interface bonding; the fibers are easily pulled out from the matrix material during tensile testing which shows slippage of fiber from the matrix which resulted in poor fiber and matrix interface bonding. In Fig. 3c , the fiber pull out behavior of carbon fiber is displayed, the fiber pull out from the matrix material shows more deposition of the matrix material on the surface of the fiber [18] , and the observed more deposition of matrix material on the surface of the fiber reveals a strong interface bonding of the fiber and matrix and indicates almost no slippage of fiber from matrix, which is consistent with earlier studies reported [22] . Also, the strong Fig. 3 SEM micrographs of pullout of fibers from 3D printed polymer composite specimens after tensile test, (a) fiber pull-out of glass fiber reinforced 3D printed polymer composite specimen, (b) fiber pull-out of Kevlar fiber reinforced 3D printed polymer composite specimen, (c) fiber pull-out of carbon fiber reinforced 3D printed polymer composite specimen after tensile test interface bonding makes the carbon fiber-reinforced 3D printed polymer composite stiffer thus resulted in brittle fracture. Therefore, it is evident from the Fig. 3c that carbon fiberreinforced 3D printed polymer composite specimen has the strongest interface bonding than the glass and Kevlar fiberreinforced 3D printed polymer composite specimens.
Stress-strain curves
The stress-strain curves are shown in Fig. 4 , which reveals the effect of different fiber polymer composite specimens of various concentric fiber rings and fiber layers along with the Nylon filled structure. In Fig. 4a -c, the contact area between the test fixtures and specimens may bear the load first. Hence, at that instant, it exhibits lower slope and strength of curves and later than it attains full grip [18, 20] . Finally, the 3D printed polymer composite specimen reaches the yield point and break. It was observed from Fig. 4a -c that the stress and strain both increases with the increase of concentric fiber rings and fiber layers for all three kinds of fiber printed composites, also described and consistent with preceding studies reported [9, 21] . In Fig. 4a, b , for the rectangular filled structure 4,4 the fibers break inside the specimen but the Nylon matrix did not break. The reason is that Nylon is polymer which is more elastic, but with the increase of concentric fiber rings and fiber layers, the specimen fractures abruptly and shows a brittle nature as obvious for the other ratios 6,6 and 8,8 but, in Fig.  4c , the fiber and matrix were both broken simultaneously owing to its brittle nature of carbon fiber used. Table 2 shows the tensile strength and elastic modulus values obtained from experiments along with the various designable complex filled structure of Nylon on the different continuous fiber printed polymer composite specimens.
Tensile strength
The tensile strength was examined form the continuous fiber printed polymer composite specimens. Figure 5 demonstrates the mean tensile strength for the three kinds of continuous fiber printed polymer composites sample configurations. It was observed that with the increment of concentric fiber rings and fiber layers, the tensile strength of the 3D printed polymer composite specimen also increases, which is also stated earlier [21] . The carbon fiber-reinforced 3D printed polymer composite specimens shows the highest tensile strength while the Kevlar fiberreinforced 3D printed polymer composite specimens shows the lowest tensile strength than the glass and carbon fiber-reinforced 3D printed polymer composite specimens. Similar type of explanations is also reported elsewhere [22] . The order of tensile strength is as follows: Carbon fiber-reinforced 3D printed polymer composites (CFRPC) > glass fiber-reinforced 3D printed polymer composites (GFRPC) > Kevlar fiber-reinforced 3D printed polymer composites (KFRPC).
Elastic modulus
The elastic modulus of each specimen was obtained from the stress-strain curves as revealed in Fig. 4 . The mean elastic modulus of the three sets of different kinds of continuous fiber printed polymer composite specimens is shown in Fig. 6 , which demonstrates that with the increment of concentric fiber rings and fiber layers, it increases the elastic modulus, which is also indicated previously [21] . It also displays that the 8,8 concentric fiber rings and fiber layers of carbon fiber-reinforced 3D printed polymer composite specimens results in a remarkable increase in elastic modulus compared to glass and Kevlar fiber-reinforced 3D printed polymer composite specimens. Such types of observations are also reported formerly [22] . The order of elastic modulus is as follows: Carbon fiber-reinforced 3D printed polymer composites (CFRPC) > Kevlar fiber-reinforced 3D printed polymer composites (KFRPC) > glass fiber-reinforced 3D printed polymer composites (GFRPC). 
Designable filled structure of Nylon
The complex filled structure of Nylon as a matrix material also shows a great impact on the tensile strength and modulus of different continuous fiber printed polymer composite specimen. The rectangular filled structure of the Nylon as matrix material shows highest tensile strength and elastic modulus due to its rectangular filling that bears maximum load in longitudinal direction. The triangular filled structure shows the lowest tensile strength and lower elastic modulus [20] , while the hexagonal filled structure shows the lower tensile strength and lowest elastic modulus than the rectangular filled structure. The fractured specimens during tensile test of the three kinds of continuous fiber printed polymer composite specimen are shown in Fig. 7 . In Fig. 7a , the glass fiber-reinforced 3D printed composite specimen is shown, in which the fiber inside the matrix material was broken while the matrix material was not broken due to the high elasticity of the Nylon. In Fig. 7b , the Kevlar fiber-reinforced 3D printed composite specimen is shown, in which the fiber was broken while the matrix material was not broken due to the high elasticity of the Nylon, while in Fig. 7c , the carbon fiber-reinforced 3D printed composite specimen is shown, in which both the carbon fiber and the matrix material were broken abruptly with a brittle nature.
Conclusion
Tensile mechanical behavior of diverse concentric fiber rings and fiber layers along with the designable complex filled structure of Nylon was evaluated in this study on 3D printed specimens of different polymer composite specimens. Tensile tests were performed on three different kinds of continuous fiber printed polymer composites with diverse concentric fiber rings, fiber layers, and various complex filled structure of Nylon. Fig. 6 Comparison of the elastic modulus of the three fiberreinforced 3D printed sample configurations a b c Fig. 7 Fractured surface of fiber-reinforced 3D composite specimens. a Glass fiber-reinforced 3D specimen. b Kevlar fiber-reinforced 3D specimen. c Carbon fiber-reinforced 3D specimen
It was indicated that the carbon fiber (CF) printed composite exhibits the greatest tensile strength and modulus as compared to glass and Kevlar fiber composites. Increase of concentric fiber rings and fiber layers is attributed to the increase in tensile strength and modulus. Also, the rectangular filled structure of Nylon declares the highest tensile strength and modulus than hexagonal and triangular filled structures due to its rectangular filling that bears maximum load in longitudinal direction.
This 3D printing technology using FDM for the printing of continuous fiber-reinforced 3D composite is a latent technology for the production of designable complex filled structures and mechanical strengthening along the reinforcing fibers for high-performance composites, especially for the complex aircraft components.
